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Constant, equation (58) 

Diameter of wire 
Generalised plastic strain 
Redundant work factor 
Lubricant film thickness 
Constant, equation (52) 

Material constant, equation (73) 
pressure of the lubricant 
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Greek Symbols; 

a : Sani die angle 

n : Dynamic viscosity of lubricant 

a : ilxial stress in the wire 
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before drawing 
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ABSTRAC T 

Most of the analyses of wire drawing, operation have heen 
carried out assuming dry friction in the interface zone. A few 
hydrodynamic lubrication models have also been presented and 
are based on the principle of minimum rate of entropy production 
and have used assumed ■variation of film thickness in the interface 
zone. 

In the present analysis an attoapt has been made to pre- 
sent a hydrodynamic model of wire dra'wing so as to predict the 
variation of film thickness in the interface zone. The lubri- 
cant viscosity has also been assumed to be pressure dependent. 
The thickness of the oil film has been obtained using equili- 
brium equations in the deiormation zone and the generalised 
Reynolds equation for lubricant flow. . The criterion for sustai- 
ned hydrodynamic lubrication has been evaluated in terms of 
critical Sommerfeld number. 

Analytical results obtained by idealising the wire materi- 
al to be rigid, perfectly plastic shows good agreement wi'feh the 
experimental values of drawing and separating forces. 

The effect of redundant work is also included in this 
analysis. The solution in this case is obtained in close form. 
The analysis has then been extended to include the effect of 
strain hardening and the results shows very close agreement 
with the experimentally measured values. The solution. 



however, requires the use of numerical technique. 

The analysis indicates that the true hydrodynamic luhri- 
cation can he obtained at very hi^ drawing speed which are 
not likely to be realised in practice. In most cases therefor 
only quasi hydrodynamic lubrication is lilcaLy to be achieved. 
Experiments indicates that ringing wear in the die is absent 
even when only quasi hydrodynamic lubrication is achieved. 



CHAPTER - I 


INTRODUCTION 


1.1 Int reduction 

During tlie process of wire drawing, the principal 
function is to mahe a wire of a specified size. This is done 
hy pulling the wire throu^ a die with a tapered "bore, as ^own 
in Eig. 1.1, Wire deforms plastically within the confines of 
the die due to triasial stress systen produced as a result of 
the pull and nip of the die. 

Sev^ere die wear occurs when the wire is drawn at hi^ 
speeds. Typical die life for tungsten carhide and-diamond dies 
being 80-525 Em and 1,6 - 15 x 10 Bm per 2.54x10”^ mm increase 
of die hore^ respectively. In such situations lubricants play 
a very important role. The functions of lubricant in wire 
drawing are quite complex in comparison to other applications. 
In wire drawing, lubricants are used to minimize friction and 
teoperature in order to prolong the die life. It also protects 
the wire from rusting and imparts lustre to the drawn wire. 

During wire drawing for surface finish, the role of lubri- 
cant film is essentially to prevent scuffing of wire and die; 
but the lubricant film should be thin so as not to int^fere 
with the burnishing action at the die- wire interface. Ideally, 
best method for this purppse seans to be dry friction or 
boundary lubrication^ ¥heu liie function of drawing is merely 



1.2 


to reduce the size of the wire, a thick film luhrication can 
he advantageous, since it provides low friction large heat 
capacity and the joh may he done in the least number of passes, 
at a hi^er speed with reduced die wear and power. In such 
situations hydrodynamic luhrication is definitely advantageous. 

1. 2 Hydrodynamic luhrication 

The function of a lubricant is to separate the sliding 
surfaces by a thin film, thus reducing the metal to metal 
contact. This phenomenon, based on the film thickness, can he 
classified as a boundary layer luhrication and hydrodynamic 
luhrication. 

The boundary layer luhrication is said to prevail when 
a lubricant film thickness is only one or two molecular layer 
thick and it takes place under hi^ normal pressure and at a 
low sliding speed. In this type of luhrication, the friction 
is influenced by the nature of the underlying metal surfaces 
and the chemical nature of the lubricant and not by the bulk 
properties of the lubricant such as a density and viscosity. 

Hydrodynamic lubrication prevails ^en a lubricant 
film is of appreciable thickness so as to completely s^arate 
the sliding surfaces. Yiscosity and other bulk properties of 
the lubricant governs the resistance to the sliding motion. 

Christopher son ani Naylor [1] observed that the amount 
of lubricant passing throu^ the die is often much greater than 
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that corresponding to a layer of molecular thickness. The 

thickness of the oil film as observed from the measured flow 

— 3 

was about 10 mm. Appreciable electrical resistance across 
the die-wire interface during drawing with soap or wax as 
lubricant has also been measured [2], fran which it was conclu- 
ded that even at moderate drawing speeds the lubricant film 
could be 3x10 mm thick. Evidence was also presented which 
indicated that the film was thicker for small die an^es and 
li^t reductions during drawing of soft wires. 

These effects seams to indicate the existence of 
hydrodynamic lubrication condition in wire drawing. The pheno- 
menon of wire drawing in the presence of hydrodynamic lubrica- 
tion at die-wire interface has not been thorou^ily investigated. 
The principle of minimum rate of entropy production was aoployed 
in theoretical studies of hydrostatic extrusion [3] and cold 
strip rolling [4], under hydrodynamic lubrication conditions, 
to evaluate the film thickness. 

Bedi [5] employed the principle of minimum rate of 
entropy production, together with the equilibrium equations, to 
evaluate the film thickness and viscous friction coefficient 
during wire drawing with hydrodynamic lubrication. He assumed 
a variation of film thickness, in the defoimation zone, to be 
(i) constant and (ii) exponential in his studies. 

Avitzur [6] obtained Ihe upper bound on power for 


rdling with hydrodynamic lubrication. He expressed the 
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relative exit velocity and relative thickness of the lubricant 
film as a function of independant process variables. 

An experimental and theoretical study of the process 
of drawing wire throu^ a device based on adaptation of Christo 
pherson tube and emplcying a pdymer melt as the lubricanting 
agent, was studied by Hashmi et al, [7]. In this study, an 
empirical expression relating shear stress and rate of shear, 
together with an experimentally derived pressure coefficient 
of viscosity, was utilized for determining the coating thickness 
possible on the wire. Coating thickness was observed to be of 
the order of 5x10*“'^ mm, 

Drupad Ram [8] studied the hydrodynamic lubrication 
in wire drawing considering strain hardening, strain rate, 
toiiperature and redundant work. He also assumed a linear 
variation of film thickness in his theoretical analysis. 

1.3 Present Work 

A review of the literature indicates that the very 
few attanpts have been made to analyse the metal forming 
operations taking into account the effects of lubrication. 

A few hydrodynamic lubrication models have been presented. 

These are based on the principal of minimum rate of entropy 
production and have used assumed variation in the film thick- 
ness at the interface zone. 
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In the present work an attempt have been made to 
present a hydrodynamic model of wire drawing so as to predict 
the variation in the film thickness in the interface zone* 

The lubricant viscosity has also been assumed to be pressure 
dependent. The film thickness has been obtained by using the 
equilibrium equation in the deformation zone and the generali- 
sed Reynolds equation for the lubricant flow for hydrodynamic 
lubrication. The drawing stress and the pressure at the inter- 
face have been obtained for both rigid perfectly plastic, and 
strain hardening materials. The effects of redundant work have 
been included in the analysis. The hydrodynamic lubrication 
conditions have been evaluated in terms of critical Somnerfeld 
number the results obtained have been canpared with experi- 


ments. 
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HYDRODYMIC MODEL 

2.1 Introduction 

Hydrodynamic lubrication prevails in wire drawing 
when the lubricant film prevents the wire from contacting the 
die. Hydrodynamic lubrication is nonnally effected by the fast 
moving wire, dragging the liquid lubricant into the interface 
zone. 

Under hydrodynamic lubrication conditions, the characteris- 
tics of friction become a function of the interface geometry, 
lubricant viscosity and speed. If the viscosity can be charac- 
terized and measured, the understanding of frictional behaviour 
during hydrodynamic lubrication is better understood then when 
metal-to-metal contact prevails. 

The studies of hydrodynamic lubrication in seme metal 
forming processes use two or more pseudo-independent parameters 
which are dictated by the principle of minimum energy or least 
resistance. These parameters are considered as being determined 
by the independent variables which, in turn, are dictated by 
the process geometry, machine set-up and prescribed boundary 
conditions. 

In the present analysis equilibrium equation in the defor- 
mation zone has been used along with the generalized Reynolds 
equation to study the hydrodynamic lubrication aspects in wire 
drawing. 



2. 2 Basic Assumptions 


2 . 2 , 

(a) Bor Wire Material : 

(1) The material to be drawn is an incompressible 
homogeneous and isotropic material obeying von 
Mises yield criterion and associated flow rule. 

(2) Elastic strains are ne^igible ccmpared to plastic 
strains. 

(5) The plastic flow of the material in the deformation 
zone is a isothermal flow. 

(b) Eor Lubricant ; 

(1) The lubricant is a Newtonian fluid and its flow 
is laminar, 

(2) lubricant fluid is incompressible. 

(3) The lubricant flow occurs mder isothermal condition, 

(c) Additional Assumptions : 

(1) During defoimation of the wire material, a plane 
section of the wire remains plane and the deformation 
of a plane element is homogeneous. 

(2) The lubricant film is assumed to extend over the 
whole of the interface between die and wire and the 
film thickness is small compared to the diameter of 
the wire. 
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2,3 Analysis 

2.3.1 Equilibriimi Equation 

Referring to Fig, 2-1 and equating stresses in tiie 
azial direction gives 

2 

+(a^+d(y^) ^ (D+dE) ^ +p (itDdx) sina + T:(TtDdx) coea = 0 

( 1 ) 

Where, cr^ is the longitudinal stress in the wire, D is the wire 
diameter in the conical portion of the die (variable) , p is the 
normal pressure on the wire in the die, a is the half die an^e, 
T is the shear stress acting on the wire at the die-wire inter- 
face. 

Rearranging and ne^ecting hi^er powers of dJ) gives 
Dda^ + ^c^dD + 4Psina dx + Arcoea dx = 0 

Also, 

sina = E/2z and dD = 2sina dx (2) 


Hence 

xdn^ + 20 ^ dx + 2pix + 2rcota dx = 0 

or 

xd0„ + 2dx(cr„ + p + t cota) = 0. 
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The Von-Mises yield criterion [1] gives 
Og + f = a 


where, o is a generalized yield stress. 
Hence, 


X 



+ 


2a + 


2x 

tana 


0 


or 


^'^dx " dx 


) - 2a - 


tana 


0 


(3) 


(4) 


2.3*2 Film Thickness 


For a ftilly developed Newtonian laminar flow of the 
lubricant between the die and the wire material, and assuming 
the taper of the lubricant wedge to be shallow, liie Reynold’s 
equation [9j is 


dp 

dx 



(5) 


where, r) is the viscosity and V is the velocity of liie 
lubricant. 

Double integration yields 
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7 


2c] dx 


+ C, 7 + C. 


( 6 ) 


The following boundary conditions 


y = 0 j V = 0 


y = h ; V = -u^ in the inlet zone 

^1 2 

V = ^ defonnation zone 


*^1 2 

V = -u^ = outlet region. 


(7) 


yield 


C 2=0 and 


. h{i.)2 _ 1- ® h 

h ^ 2n dx ^ 


(7-a) 


Hence, 


V = 


^ (y^-Yh) 
^ dx 


^1 

y in the inlet zone 


( 8 ) 


*1 <^"0 ^ 

V = (y -yh) - ^ ^ y deformation zone. 

(9) 


The rate of lubricant flow, Q, is given by 

h 


I 


Q = nD \ V dy 
b 


( 10 ) 



Using equations (2) and (9), equation (10) yi^ds 


SL 


2iisina 


*■ dx + 2 ^ ^ J 


Prom the geonetry of the film thickness 


h = ztana - D/2cosa 


PrOD equation (11) 


^ = 
dx 


Ui ^3^^ 2 ^ 

3 ^ 2ii;xsina *2" ^x”^ ^ ^ 


- ^ + 


The shear stress, t, on the wire surface due to 
ring of the lubricant [9] is 


~ ” ^ ^ dy ^h 


Substituting for V frcm equation (9) gives 


Wy^h - 


Substituting for equation (14) gives 


( 11 ) 

( 12 ) 

(15) 

viscous shea- 

(14) 

(15) 
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Assuming the wire material to be rigid perfectly 


plastic, that is 


0 = = constant 


(17) 


= 0 


(18) 


Equation (4), therefore, reduces to 


z - 2 0 - . = 0 

dx 0 tana 


Substituting for x from equation (16) gives 


X ^ _ 2 0 — f— ) - 0 

dx o htanx ''x ^ 


Since he is very small. 


Hence, in the inlet zone at x = x^ 


2 r 4- . 

x^ L °o + h^tana ^ 


From equation (11), in the inlet zone 


At 


( 22 ) 
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Substituting for ^ from equation (21) gives 


= - C 


iti ^ < °o + + -p] a^iSinct ( 23) 


u^hl. 


Hence, for the deformation zone, equation (13) gives 


dx 


12 t ] r ^ 


[ fe Ew) (V V (24) 


3 Srjs 0 tL-jtana^ ^ 


Equation (20) also gives ^ for the deformation zone as 


® g_ r -r. ^ ^^1 / fl >,2 , 

dx X o htana ^ x J 


(25) 


Equating equations (24) and (25) gives 




,i«T u,x X ,3 11U-, X 2 

^ V h^^ + = 6-;? f^o+ FbiH^ 3 

(26) 


He^ecting hi^er order terms of h, equation (26) reduces 


to 


u,x, X 

^ ( - V ) 


(27) 


This yields, 
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h. = 


(28) 


Equation (28) shows that the variation of film 
thickness in the defoimation zone is linear. 

2. 3«3 Film Thickness at the Entry side of Die 

The rate of lubricant flow, Q, in the entry zone 
can also be evaluated using equations (8) and (10) as 


,3 ^ UtD 


(29) 


Th eref ore 


df _ „ r 


•jiDUj^h' 




= 

dz 


,, { C+6h ,, 

— ) f 


(51) 


where 


12Q 

TCDUn 


= Constant, 


(52) 


The viscosity of liquid exhibits a greater pressure 
variation, the pressure- effect corr^ation being of the type 
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(35) 


where ri q is the dynamic viscosity of lubricant at atmosphe- 
ric pressure and ^ is the pressure coefficient of viscosity 
of lubricant. 

Increase in the temperature also tahes place due to 
irreversible plastic defoliation of the wire material within 
the defoimation zone. If the residence time of the metal in 
the defoimation zone is sufficiently small, of the order of 
few microseconds, the heat convected to -iiie lubricant will be 
ne^igible. The temperature dependence of the viscosity can, 
therefore, be ne^eoted. 

Equations (31) and (33) gives 


dz 


- ^0 



C + 6z tana n 

3 3 "^ 

X tan a 


(34) 


Since h = ztana in this region. 


Integratim of equation (34) gives 


-S)P 

- = 

S) 


tan'^a 



2 

ztan a 


+ A 


(35) 


The constant A* in this equation can be evaluated 
fran the consideration that p = 0 at z = z^^, i. e. at point 0 
(Pig. 2. 2). 
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On substituting this condition, equation (55) gives 


A’ = - + ^ ( f 

^ tan^a ^0 


2tanoi>-x‘ 


)] (36) 


and equation (55) becomes 


e 

s> 




5 2^ 2 

2tan tt'X ztan a 


1 

S) 


^1 

2 

tan a 


{ + 


2 ' 
2z^tana 


(37) 


Assuming the yielding to take place at s = 2 ^, where h = h^, 


-'JP 


n' 


and neglecting e , since this is small compared to other 
terms because of higher pressure, equation (57) reduces to 


HoV 


^o"l _ 1 _ ^ 


25 ^ 2 2^2 2 

2z£tan''^a x^tan a v tan a o 2x^tana 


) - 0 


(38) 


On rearranging terms in this equation, 


0 = 


2h^ h^ tana 12 h^ h^ 


( 39 ) 


Since, 


h^/tana and 2 ^ = h^/tana, 


(40) 
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Ihe rate of lubricant flow in the inlet region, 
from equation (32) , is 


Q 


•jtDu^C 


(41) 


Q in this region can also be evaluated from equation (11) , 
which gives 


- itl) 


[ 


12 




2 

H ] 


Ne^ecting hi^er order terms of h in the above equation, 
Q at entry point, where s = is obtained as 


uDUih^ 


(42) 


Equating equations (41) and (42), we have 


Q = 


uD^U^G 


tcDUt h^ 
1 n 


or 


- 6 h^ 


n 


( 43 ) 


Substituting for C in equation (39) gives 


- = 


2 h^ h^ tana 12 h h 
O . 31 o 
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Rearrangiiag the terms in the above equation yid-ds 

6hl + 6h2 _ 12 = 0, (44) 


where 


2h^ tana 


(45) 


Solution of this quadratic equation in h^ is 


h 5= h 

n < 


[1 + 1 - i/i + 1^5 ] 




(46) 


Substituting for A from equation (45) into above equation 
yields 



^ ^ o^lS> 
tana 



(47) 


Equation (47) gives the approximate value of the lubricant 
film thickness at the entry point in the disr i*e, at z = 

(Pig. 2,1). Knowing the film thickness at entry point, film 
thickness at any point in the deformation zone can be obtained 
using equation (28). 



2.3.4 
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Alternative method of evaluating Pilm (Thickness 
at the entry side 

Equation (20) can he written as 


X ® 

2 dx 


= O' + 


q U, 

o ^ h, tana '■ x ^ 




(48) 


2 dx 

Let - 7 - = Z then dZ = —— and equation (48) hecomes 
1 ^1 


dZ 


2 o 2 qu 


h^tana 


1 1 


,4 


Also 


ri = 


^0 ® 




Th eref ore 


e 


dZ 



+ 


’"1 

h^Z^tana 


(49) 


Solution of the above differential equation gives 


e 


^ ^ o'^i^ . 2 ^ ^ z: 

h^tana {2'S>'5 q-3) 


(50) 


where E is the constant of integration. 
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Using the boundary condition 

^ 2 1 i = '^O - “i . (51) 


where is the back tension applied on the wire. Equation 

(50) now yields 


K 


.<) (V°l) 2 ^ o"lS) 

h^tana (2 'S)Oq-3) 


( 52 ) 


and equation (50) becomes 


e 




h. tana( 2*^ o -5) 


S) (V^i) 

^ +-® 


,2*^ <^0 


^ o^l'^ 


h^tana (2"^ a^-5) 


( 53 ) 


Using equation ( 24 ), "we have 


dz 


12 n r \ 


12ti 


2. ^ ) 
^1 h^tana' 


u-,h, u, X, 2 

+ -r ] 


( 54 ) 
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or 


d2 X, 




p 


(C. - 






where 


6 nx-, 


S)P 


1 


h^tana 


■) - 


^ihi 


Also 


h = X tana - ^ oosa. 


Since dD = 0atx = x^, (ih= dx tana. 

Equation (55) can, therefore, he rewritten as 

S) P 


tana 


dh 


12 Uo© 


( c, - 


u^h 


-) 


Integration of this equation yields 


_'0p 

.e 





Further, as h-^roo , p v 0 at the wire surface, 
condition gives 



(55-a) 


(55-h) 


(56) 


(57) 

This 


( 58 ) 
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and equation (57) becdnes 


1 



) 



(59) 


Now at z = 


P 



and h. = h^. 


Substituting these conditions in equation (59) anti 
neglecting h^ in comparison to 1/h^ gives 


<) P 
1-e 


1 


h^ tana 


2 

z^ tan a 


(60) 


or 




^ 'I Q-^ "l 
tana 



1 


+ 


2 ^ 

z^tan a 


( 61 ) 


_"^P 

Equation (47), for h^, was derived assuming e to 

be ne^igible canpared to other terms in the equation (55). 

Equation (61) gives more ezact value of film thickness at the 

entry point. !Dhis equation will also reduce to equation (47) 

_'^?1 

when viscosity of lubricant is low and e is of negligible 
value, i* e. ^en yield stress is hi^ and back tension is very 
small. 
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2*3*5 Drawing stress 


IJow, at z = 2 


7 - li _ 1 . ^ 

2 - =r- = ^ and P 


'^o ^^2 


where 


= A.-^/A 2 t the drawing rati 


Hence, equation (53) may be rewritten as 


_S)(V°2) 


h^tajua (2'^a^-3) 


R )+ e ° -^‘R ° 


(62) 


The above equation gives the relationship between the 
drawing stress, drawing ratio and back tension. 


Substituting for h^ from equation (61) into equation (62) 


gives 




z^tan^a 2 N 5^-3 


)+ e 

r\ •K.'x rr 


(63) 


2^ ^0-3 tan^a 




( 64 ) 
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!Ea3£ing logaxithin on iDOtli sides and rearranging 
terms the above equation becomes 


a2-a^ 


\ In R + i ln[l+ |(^ 




2 '^ % - 3 


+ 


Vo"^ e 


- 


tan a 



(65) 


This equation gives the relationship between the 
drawing stress, drawing ratio, speed of dravring, back tension, 
viscosity of lubricant, yield stress and initial diameter of 
wire and half die angle. The first term on right hand side of 
this equation represents homogeneous work of deformation and 
the second term indicates the contribution of frictional work. 
The term on the left hand side can be identified as the contri- 
bution of external work needed for drawing under hydrodynamic 
lubrication. 

A non-dimensional term S can be defined as, 


^ • e 

z^tan a 


( 66 ) 


S is of the same form as the Scmmerfeld ntsnber used in the 
theory of hydrodynamic bearing [9]. 
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Sine e, 

sina = ^ 1/2 ^ 

and for small value of a, tana = sina, therefore, 

^ ^1 


Hence, 


S = 


2 u^ri e 


■» ( v°i) 


tana 


(67) 


Equation ( 6 I) can now he rewritten in terms of S as. 


hi = I S 


(S - 1 + e 




( 68 ) 


) 


Assuming that the die is perfectly smooth, the ini- 
tial film thickness h^ should he greater tiian the surface 
roui^ness h^ of the wire for sustained hydrodynamic lubrication, 

i * 0 ♦ j 


1 

2 


S D. 


(S - 1 + 


e ) 



( 69 ) 


A critical condition will prevail idien t^2.~^o 
S=Sj, at that instant. Then at the critical condition. 
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I So • 


(S - 1 + e ^ ' 


2^ 


- 1 + e 


s ( V“i) 


- 1 ) 

1 - b » 


(70) 


■where, 


a = (o^ - oj^) 


(71-a) 


b = 


2 ^ 
3 Dn 


(71-b) 


Similarly equation (65) can also be rewritten in term of S as 

4* 

®2 = '’l+°o 1»H + i In [1+ |(izS ) r_i^.e ° +g I j 

^ 9 '^ rr _ ■^1 *“ v» 


'a = ®i+°o i“E + T In [1+ |(i:5 ) 


2-^ 5^ - 5 


2.3.6 Strain Hardening Effect 


During -the plastic deformation the metal strain hard- 
ens and the nature of the strain-stress curve depends on the 
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material. Strain hardening effect, ne^ecting the tonperatnre 
and the strain rate effects, can he included in the analysis 
by using an equation of the fona [10], 

a = + BCe)^ , (73) 

where o^, B and pa are material constants. 

Effect of redundant work due to shearing can be 
included by replacing e with e = f • e in equation (73) » where 
f is the redundant work factor. The value of f for a range of 
metals and lubricants is quoted by Rowe [H] . Thus, 

f = 0,87 + ( ^ ) sina (74) 

Por the process under consideration, 

e = la ( -^ ) = 2 la ( h ) (75) 
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The above equation can be writt 


en as 


^ dz ^(~)- 2a -2B(2f)“ ) 


o P 

^hp^ie z^ 3 

h^ uana ^z”*^ ~ ^ 


(77) 


2V2"'^^'B-f"-ln'”A)^- i^htll! (iL)3 

Vi *{■. ^ 


tana 


- (i)\ . i 

^ ^ X 


(78) 


The solution of the above equation can be obtained 
using Euler's numerical method which gives 




"i ^ A (||)q 


where 


A 3C = X. _ X 

1+1 i+1 i 


Hence, using equation (78) through (79) 


A 2:. - 

p - P + ^+1 

^i+1 - ^i+ X. 

1 


|2a^+(2f)“a ln“ (^) + 


•^p 

Xq hq tana '‘z^^ 


- (2f)“ B m ln““^(~i) 


(80) 
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The boundary condition is 

Since P is known at the starting point, p p 

2 3 ^ 

P4, etc. can be evaluated using equation (80). 



r 

Fig. 2.1 StressQS on oiemont of material 





Fig,Z2 DiG-wirG intorfece zone 


CHAPTER - III 


EEPERRyiElTTS 


5.1 Wire Dra'wing Set-up 

A sin^e-block, sin^e-die, sin^e-pass, vertical 
Wire Drawing Machine of 3 OO mm diameter drum was used for 
experimental purposes. The machine was fitted with a gear box 
to provide drawing speeds in the range of 12.93 to 77.79 m/ain 
in five steps. The specifications of the machine are given in 
Appendix-I. 

3.2 Lubricant Peed Device 

The lubricant feed device on the machine was modified 
in line with the Christopher son's experimental set-up [1] where 
the wire is made to approach the die throu^ a tube of diameter 
sli^tly larger than the wire diameter and sealed onto the inlet 
side of the die. This arrangement was capable of generating 
pressure comparable with the yield stress of the wire at the 
entry side of the die. This helps in achieving true hydrodyna- 
mic lubrication. The die^ mounted on the dynamcmeter plate» 
was held ti^t against the Christophers on tube and the lubricant 
chamber was attached to the forward end of the Christophers on 
tube. The tube used was 2.3 diameter and 80 mm long. The 
complete set-up is shown in Pig. 3.1* 
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3.3 DjTiamcmeter 

The dynamometer used for measuring the drawing and 
separating forces is shown diagramatically in Pig. 3*2. It 
consists of an riastic circular disc which is supported at its 
periphery. A 20 mm tapered bore made in the central boss at a 
taper an^e of 12 degrees holds the split die in position. 
Semiconductor strain gauges attached at AA’BB' measure the 
drawing force, while strain gauges CC'DD' measure the separa- 
ting forces (Pig. 3.2). Dummy gauges ES’FP’ are used to 
complete the bridge circuit for separating force measuronent. 

The circuit diagrams for measurement of forces are shown in 
Pig. 3.3« The dynamometer output signals were fed to a two 
channel Encardio-Rit e pen recorder for continuous recording 
of forces. 

The dynamometer was calibrated by pushing a tapered 
plug throu^ the tapered split die held in the tiered b03$. 

The output from the two bridge circuits were recorded simulta- 
neously. The calibration set-up on a lathe is shown in Pig. 3.4. 
The calibration curves are shown in Pig. 3.5. The details 
regarding evaluation of drawing and s^arating forces are given 
in Appendix-II. 

3.4 Split Die 

Specially made HSS split dies, dies made in two halves, 
were used for the experiments. Using this type of dies it is 
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possible to measure ‘both the drawing and separating forces 
simultaneously using the above mentioned dynamometer. Detail 
specifications of dies are given in Appendix-III , 

3,5 Wire Material 

Mild steel wire of 2t08 mm diameter was used for the 
erperiments. All experiments were conducted using wire fron a 
single roll. Stress-Strain curve for the wire material (Fig* 
3.6) was obtained on an Instron machine* Curve fitting gave 
the following stress-strain r^ation for tile wire material ; 

o = 260 + 246. 2 (e 


3.6 Lubricant 

A T ight machine oil of viscosity 65 centipoise at 
28'^C and atmospheric pressure was used as the lubricant. The 
viscosity of the lubricant was experimentally evaluated using 
Brookfield Viscaneter. The pressure dependence of the visco- 
sity was assumed to be of the form [1] 

SP 

where is 2.22x10"’^ mm^/W. 
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3.7 Experimental Procedure 

The wire, after pointing, was passed throu^ the 
guide, the lubricant container, Christopher son tube and the 
split die mounted on the dynamcmeter. The end of the wire 
was then gripped in the pulling dog which was fixed on the 
capstan. The dynamometer was supplied with the excitation 
voltages and the outputs were connected to the recorder. 

After selecting the required speed, the capstan was rotated 
by hand to produce initial tension in the wire. The machine 
was then started. After drawing for seme time, stable drawing 
conditions were obtained when the recorder gave steady readings. 
All data points were obtained at these steady conditions, 

3.8 Experimental Conditions 

The experiments were carried out under the following 
drawing conditions ; 

Wire 

Material t M.S. annealed wire 

Stress-strain equation i c = 260+246.2 (e) * N/nm 
Initial Diameter ; 2.08 mm 

Die : 

Material : HSS 

Half die angle ; 3°, 4.5^ and 6° 
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Lubricant ; 

Li^t machine oil ; viscosity 65 Centipoise at 
atmospheric pressure and 28°C . 

Drawing speed ; 

18.09, 31.88, 50.09 and 77.79 m/uin. 

/. Reduction s 


14.08 y. 






fi*. ja (■} Hn iXMMlac a«t<4ir» W Mrlaait 
7mA A«»i««« 



F'g. a2 Details of the disc dynamometer 









Fig.3.3b) 




Pg. 3.3(b) 


Fg.a3 Bridgo circuit fa (a) Drawing 

force, (WSoparatirg force 







mv 

Fig. 3.5(b) 

Rg 3l5 Ciaifcration drvGs: (a) Drawing forco; 
(tt Separating force 
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RESULTS AHD DISCUSSION 


4.1 Discussion of Theoretical and ExperiEental Results 


4.1.1 Theoretical Results 


An analysis of wire drawing under hydrodynamic 
lubrication conditions has been presented vdiich differs from 
earlier attoupts [5j7,8] in that the lubricant viscosity has 
been taken to be pressure dependent and the variation of 
lubricant film thickness in the deformation zone has been 
obtained analytically. The analysis is further refined by 
including the effect of redundant work and strain hardening. 

The condition for sustained hydrodynamic lubrication has been 
suggested for I'lires of different surface rou^aness. Theoretical 
results have been obtained for the conditions prescribed in 
the previous chapter. 


Eigure 4.1 shows the variation of film thickness 
within the deformation zone. If the dynamic viscosity of 
lubricant, speed of drawing, half die angle and pressure at the 
entry of die are known, film thickness at the entry side can 
be evaluated from equation (6l). If the yield stress of wire 
material is hi^ and the back tension is anall, equation (61) 
reduces to equation (47) and the film thickness oan be evalua- 


ted, Equation (61) further iM^pa^t 


the lubricant film 


K^np'jr. _ 

Acc. No. 
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is thicker when the viscosity is hi^. The lubricant film thick- 
ness also increases with increase in the drawing speed erd reduc- 
tion in the half die angle. That is, if half die angle is anall, 
drawing speed is high and viscosity of lubricant is hi^, the 
film thickness is hi^er and so it can sustain higher load at the 
die-wire interface. In other words, hi^er reductions can be 
achieved or materials exhibiting hi^er yield stress can be drawn. 
This agrees with the evidence obtained in the past that the film 
is thicker when small die angles are enployed [12], 

Equation (70) gives the criterion for sustained hydro- 

dynamic lubrication. If at any instant, Scmmerfeld number (S) 

is higher than the critical Sommerfeld number (S_) then only 

c 

sustained hydrodynamic lubrication can be achieved. In Fig, 4. 2 

is plotted as a function of non-dimensional quantity a. ¥hen 

a is anall is very small but it increases exponentially with 

increase in a. This indicates that for hi^ values of yield 

stress and low back tension, is hi^. Fig. 4*5 shows the 

c 

variation of S. with another non-dimensional quantity b which 
c 

indicates an increase in S. with increase in b. That is, S. 

c c 

increases with increase in surface rou^mess of the wire. There- 
fore, S appears to be an important parameter for the study of 
lubrication effects dueing wire drawing. Further, S should be 
hi^er than S for sustained hydrodynamic lubrication, which can 
be achieved by increasing the drawing speed or throu^ use of 
lubricant of high viscosity and small die angle. For soft wire 
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materials, S is small and hence, from equation (68), for soft 
wire materials film is -ttiicker. This also agrees with the res- 
ults presented earlier [12] that the film is thicker when 
softer wire materials are used. 

Figure 4.4 plots the variation in drawing stress with 
reduction for various values of yield stress. Here the wire 
material is assumed to be rigid perfectly plastic. Curves uu to 
50/* reduction have been plotted merely to show the trend of the 
curve. It is not suggested that the dra'^d.ng can be carried out 
at these hi^ reductions. For small reductions, the rate of 
increase of drawing stress is high but it falls off with further 
increase in reduction. This is due to decrease in the redundant 
work with increase in reduction. 

Figure 4.5 shows the variation in drawing stress with 
reduction for a ilgLd, perfectly plastic material for various 
value of Sanmerfeld number S. It is clear that the drawing 
stress increases with increase in the value of S. That is, the 
drawing stress increases with increase in drawing speed and 
lubricant viscosity. Increase in both of these quantities leads 
to increased viscous frictional force and hence increased drawing 
stress . 

In Fig. 4.6, the pressure and the stress distribution 
in the deformation zone are shown for a strain hardening soft 
copper wire. Pressure distribution obtained is of the same form 
as observed in the slider bearing [9]. 
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Th.e pressure and the stress distribution for an 
annealed mild steel wire considering strain hardening effects 
are plotted in Pig. 4.7. In this case, the pressure at the die 
surface decreases rapidly in the direction of motion. This can 
be explained by the fact that, for the conditions used, the 
lubricant flow is fairly large and the net friction on the wire 
after leaving the Christopherson' s tube is actually reversed, 
that is, it acts in the direction assisting the motion of the 
wire. Velocity distribution for this case is shown in Pig. 4. 8. 
The lubricant layers near the wire surface are being forced out 
of the die by the pressure faster than the wire itself. Thus 
the viscous friction tends to drag the wire forward. This 
phenomenon was also observed by Christopherson, et al. [1] in 
their experimental studies. 

4.1.2 Experimental Results 

The experimental values of drawing and separating 
forces under the conditions specified in the previous chapter 
has been tabulated in Table 1. 

The lubricaJ.it film thickness calculated using equa- 
tion (61) for a = 3'^, n = 65 CP and drawing speed of 77.79 m/ain 
is 1,07x10'“^ mm. For the ^cperimental conditions of the Ghristo- 
pherson and Naylor [!]» equation (61) gives the film thickness 
to be 1.50x10“'^ mm. Christopherson and Naylor had estimated the 
film thickness during their tests to be around 10 ^ mm. Wistrei- 
ch [2] had also evaluated the value of film thickness frcm the 
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m easur on ent of electric resistance at the die— "wire interface 
and suggested that even at moderate drawing speeds the value 
is of the order of 10 mm. Equation (61), therefore, appears 
to predict values of film thickness which are close to the ex- 
perimentally observed values. 

In Pig, 4«9 the drawing and separating forces have 
been plotted against drawing speed. The surface roughness of 
drawn mild steel wires is between 1 to 10 micron depending on 
the total reduction and state of lubricant. For the conditions 
used in the experiments, the critical Sommerfd-d number is 
about 0, 222 for which the drawing speed should be above 720 m/kln 
for sustained hydrodynamic lubrication. But the speed used was 
quite low and hence would result in unsteady conditions. This 
was also observed during the experiments as evidenc edbby the 
continual oscillation of the drawing and the separating forces 
(Pig, 4,10), Based on these observation, and assuming that the 
microgeometry of the wire surface changes continuously as the 
deformation proceeds within the die, the mechanraii of lubrica- 
tion can be regarded as a rapid sequence of formation and collapse 
of hydrodynamic films. That is, the condition prevailing is 
intermediate between the boundary lubrication and ti*ue hydro- 
dynamic lubrication states. Therefore, the conditions prevailing 
may be teimed as •quasi-hydrodynamic*. Such mechanism of lubri- 
cation was also suggested by Wistreich [12], lueg et al, [13] 
also observed continual oscillation of the drawing force. 



Ringing wear, a de^ and clearly defined annular 
crater formed at the entry side of die, is iiie most rapid type 
of wear observed in wire drawing (Rig. 4.11). In the present 
experiments no local ringing was oh served, but hydrodynamic 
lubrication was not quite as effective in preventing wear in 
the sizing portion. The die is practically free from ringing 
wear due to the fact that the entire bore of the die is conti- 
nuously under full pressure. In the sizing zone, however, 
small solid particles in the lubricant can cause wear since the 
clearance is small. 

4.1.3 Comparison of Theoretical and Experimental Results 

The critical speed for sustained hydrodynamic lubri- 
cation under the experimental conditions and assumed surface 
rou^mess is around 720 m/nin. As such true hydrodynamic 
lubrication is not likely to be achieved at the speeds used for 
the experiments but quasi -hydrodynamic lubrication may be 
obtained at hipest speed used. Hence, for the purpose of 
comparison, values obtained at the hipest speed have been 
evaluated. 

For experimental conditions of a = 4.5°, drawing 
speed = 77.79 m/min and riQ= 65 centipoise, the analysis for 
rigid, p erf ectly plastic material gives the drawing force to be 
601.13 N, while the strain hardening analysis gives the drawing 
and separating forces to be 640,35 N and 301.62 N, respectively. 
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Corresponding exp erimentai ■values for the dravri-Ug force is 
649.91 U aud the separating force is 313.92 IT. fhe strain 
hardening analysis, "therefore, predicts values for the drawing 
and separating forces which are very close to -the experimentally 
observed values. 

The experimental data also shows that the decrease 
in the drawing stress is only marginal (less -than 9/. ) ‘v^en 'the 
speed is increased from 18.09 to 77.79 m/nin. Theoretical results 
also show only a marginal effect of speed on drawing stress 
(Fig. 4.5). 

The surface r outness of the wires used for drawing 
purposes generally varies be'tween 1 to 10 microns. The theore- 
tical analysis indicates -that the sustain hydrodynamic lubrica- 
tion for such wires of hi^ yi^d stress is obtained when the 
drawing speed is quite hi^ much beyond -the practical range. 

In most cases it may not be possible to carry out wire drawing 
at such hi^ speeds. For e. g. , the critical speed for sustained 
hydrodynamic lubrication is es'fcimated to be beyond 720 m/tein 
for the experimental conditions. The critical speed is also a 
strong func-tion of the lubricant viscosity and yield stress of 
the wire material. Wi'th highly -viscous lubricant and softer 
wire material it may be possible to achieve the critical speed 
for true hydrodynamic lubrication. The critical speed for 
sustained hydrodynamic lubrication is likely to be much lower 
in such cases. In most cases only qua si -hydrodynamic lubrication 
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is likely to be achieved. Experiments indicate that even a 
moderate quasi -hydrodynamic lubrication state can reduce metal 
to metal contact and improve the die life considerably by 
decreasing ringing wear. 
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Talkie 1 s Experimental Results. 


Drawing 
Sp eed 

^rawing Force, 

Newton 

Separating Eorcei 

, New ton 

- 





m /min 

a=3° 0=4.5° 

0=6° 

0=3 

(tO 

0=4. 5 

0=6° 

18.09 

711.22 711.22 

748.01 

392.4 

353.16 

343.35 

31.88 

772.53 698.96 

735.75 

343.35 

240.35 

274.68 

50.09 

698.96 686.7 

735.75 

294.3 

294.3 

264.87 


77.29 


649.91 


313.92 






oe.^« 
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Fig. 4.2 Critical Sommerfelcl Number as a function 

of rmdimensional parameter 'i)(dr-o^ for 

* 

typical noTKlimensional values of surface 
roughness 







Fig. 4.4 OrawinQ stress as a function of 
Reduction for typical, values of • 
yield stress (Rigid, perfectly plastic 

I 

material) 



£ 00 ’ 





Roductbri for strain hardening 
. .Soft Copper 




Fig. A.7 & P as a function of Reduction 

for strain hardening annealed M.S. 





Rg.4.9 Var'ation of Drawing and Separating 
forces with drawing speed 



Fig.410 Recorder plot of (a) Separating & 
(b) Drawing forces 
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CONCLUSIONS 


5.1 Goncluaioii 

The theoretical analysis of wire drawing nnder hydro- 
dynamic lubrioatiori. conditions based on equilibria equation 
and generalised Reynolds equation for lubricant flow predicts 
values of film thicknesses which compare well with the published 
results. It also indicates that the variation of lubricant 
film thickness in the interface zone is linear. The criterion 
for sustained hydrodynamic lubrication in terms of critical 
Sommerfeld nijnber (S ) appears to be suitable since it provides 
the value of drawing speed for sustained hydrodynamic lubrica^ 
tion in terms of viscosity of the lubricant and surface rou^- 
ness of the wire. 

Analytical resiiLts obtaiined by idealizing the wire mate- 
rial to be rigid, perfectly plastic shows good agreement with 
the experimental values of drawing and separating forces. The 
solution in this case is obtained in close form. Sclution for 
strain hardening material is in very close agreement with the 
experimental values but the solution needs the application of 
numerical technique. 

The film thickness values evaluated for tbe exp eriin eiital 
data appears to be of the same order as the surface rou^mess 
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of tile wire. Therefore, only quasi-hydrodyiiamic lubrication 
is likely to be achieved. True hydrodynamic lubrication under 
experimental conditions are likely to be achieved at speeds 
beyond 700 m/nin. Such drawing speeds, however, are not reali- 
zed in practice. But the absence of ringing wear on the die at 
the highest experimental speed seems to indicate that achieve- 
ment of even quasi-hydrodynamic lubrication can enhance the die 

life considerably. 

5. 2 Scope for Further Work 

The theoretical model presented indicates that the 
film thickness variation is. linear in the interface zone. This 
needs to be verified experimentally. The value of critical 
Scsnmerfeld number under various drawing conditions also needs 
experimental verification. The theory can also be extended 
to include ihe effects of strain rate and tcanperature. 
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Specifications of Wire Drawing Machine 

Make t Wire Machinery Manufacturing Coi^oration 
Limited, Calcutta. 

Model ; WM/ 4 OO/I, Machine No. 1088. 

Drawing Speed ; 77.75 m/inin (Capstan rotating speed). 

Capstan circumference ; 1.25 m. 

Motor ; SIMM Make, 20 HP, 960 rpm. 

Capacity of Machine ; Maximum diameter to he drawn 

4 Dim (Ferrous) 

6 mm (Non-ferrous) 

Maximum tensile load ; 50 kg/km^ (M.S.). 
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APPENDH-II 

Dynamometer Calibration 

The dynsmcmeter was calibrated by pushing a tapered plug 
through the split die mounted on the dynamometer plate. For 
this situation the equilibrium equation gives the drawing 
force, P, as 

P = (A;j_ - (1 + cota) . (a) 

and the splitting force, P_, as 

Il| - E? 

< 4sliia ' > • <’=> 

Since there is no relative motion (interference fit) the 
coefficient of friction, n, in this case is 1. Hence 

F = - k^) (1 + cota) (c) 

and 

2 2 
' °^slna^ > 

The force P was applied throu^ a proving ring, hence 
P^ can be calculated using equation (c) . Knowing P^, F^ 
can be obtained from equation (d) , 
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APPENDIZ-IIi 
S plit Die Specificati ons 

Material ; H.S.S. 

Half die angle : 3° gO 

Inlet diameter : j.qs am 

Brit dlaneter : 1. 928 mm 



